The analysis of historic roof constructions is an important task for planning the adaptive reuse of buildings or for maintenance and restoration issues. Current approaches to modeling roof constructions consist of several consecutive operations that need to be done manually or using semi-automatic routines. To increase efficiency and allow the focus to be on analysis rather than on data processing, a set of methods was developed for the fully automated analysis of the roof constructions, including integration of architectural and structural modeling. Terrestrial laser scanning permits high-detail surveying of large-scale structures within a short time. Whereas 3-D laser scan data consist of millions of single points on the object surface, we need a geometric description of structural elements in order to obtain a structural model consisting of beam axis and connections. Preliminary results showed that the developed methods work well for beams in flawless condition with a quadratic cross section and no bending. Deformations or damages such as cracks and cuts on the wooden beams can lead to incomplete representations in the model. Overall, a high degree of automation was achieved.
INTRODUCTION
The deformation-accurate survey and detailed documentation of historic timber structures still represents a challenge for building surveys and involves labour-intensive procedures. At the same time, the analysis of historic roof structures is always an important task in the field of e.g. adaptive re-use planning for idle attic lofts, development of sustainable preservation strategies for monument protection or the calculation and verification of efficient and resource-friendly structural consolidation. Although from a structural point of view, historic wooden roof structures are predominantly regular constructions with a high number of repetitive linear elements, they are complex in terms of their specific spatial geometry and their traditionally manufactured joints. Current survey practice usually involves a combination of hightech and traditional documentation techniques such as tachymetry, 3-D laser scanning and hand-measurement. The resulting documentation consists of detailed 2-D and 3-D drawings such as a deformation-accurate set of plans of the construction showing its current status, digital models of the structure, detailed information about the joints, reconstruction of the process of assembly, mappings of e.g. construction phases, carpenters' marks, and the position of dendrochronological samples. In addition, the catalogue of rafters contains a compilation of detailed information on all assemblies and subassemblies including joints, in the form of a systematic description of all geometrical and mechanical features of the roof structure (see Fig. 1 ). Recent interdisciplinary research activities extended the abovementioned methodology for the documentation and analysis of historic wooden roof structures into the field of structural assessment using modern engineering software . Thus, numerical structural models are produced on the basis of architectural survey data. The process requires information beyond the scope of architectural documentation, such as the allocation of crack formations due to shrinkage, degradation due to moisture, displacement of joints, etc. (Eßer et al., 2016a; Eßer et al., 2016b) .
The current modeling approach for roof constructions comprises several consecutive tasks. To begin with, the terrestrial laser scanner data from multiple scan positions needs to be orientated. An accurate registration and orientation of scans from different scan positions can be achieved by the use of well-known target points that are visible in multiple scans. Several scan positions may be required to capture all details for angled constructions due to the resulting scan shadow. In a next step, 2-D slices of the scans are selected manually, according to the roof structure. After that, dimensional modeling is carried out on the 2-D slices for each pair of rafters. However, this method is very labour intensive. Laser scanning technology allows fast, accurate, and automatic measurement of millions of points. It operates by emitting a signal in the visible or infrared part of the spectrum. This signal is strongly collimated and its 2-way run-time from sensor to object and back again is used to infer the distance between laser scanner and object in the direction of the beam. The beam is scanned across the field of view while measurements are performed at a rate of hundreds of kHz (e.g. 500,000 measurements per second). The result is a point cloud in the scanner coordinate system. Multiple scans can be transformed into a superior coordinate system using tie-points or the object surfaces (Glira et al., 2015) . This results in a 3-D point cloud, which covers the objects visible from the laser scanner positions with a dense set of points. In the case of historic roof structures, distances between neighboring points can typically be in the order of a few millimeters. However, beams and their axes and joints are objects which are only implicitly contained in the raw 3-D point cloud. An interface between the 3-D data of the laser scanning process and the data format needed for architectural modeling and structural assessment is still missing. The contribution of this paper is a new method for automatically deriving the linear elements of historic timber roof structures from laser scanning point clouds. The method is demonstrated on different historic timber roof structures of the Vienna Imperial Palace (Wiener Hofburg). 
PROBLEM STATEMENT AND RELATED WORK
The various applications for the architectural and structural analysis of existing roof structures define requirements in terms of the nature and quality of the digital roof structure reconstruction. For architectural documentation we expect a survey accuracy of 1 cm, which reflects a scale of 1:50 in the deformation-accurate plan record. In order to plan the adaptive re-use of a roof, it is necessary to model the forces acting on the beams. Thus, a model composed of beam axes and joints has to be derived. Together with the beam dimensions, the nature of the joints, and parameters of the beam material, the forces present in the roof structure can be determined. This is the basis for planning adaptation to the structure. Both architectural documentation and axes extraction require a very high degree of completeness. Thus, a practical tool will need to integrate manual additions and corrections, in order to guarantee the completeness of the final model. Incomplete modeling can have various causes, such as scan shadow, for example. In addition, the separation of relevant (e.g. beam) and irrelevant (e.g. floor) objects needs to be considered, but strongly depends on the specific task. Thus, our aim was to develop a set of methods and corresponding tools that automatically processes point clouds derived from laser scanning. The requirements can be formulated for the measurement and for the object. It is assumed that the point clouds are dense (e.g. distance of neighboring points below 5 millimeters). Typical laser scanning accuracy of, e.g., 2 mm, is assumed for the standard deviation of each point (coordinate direction). It is further assumed that each beam is represented at least by two adjacent faces in the point cloud. The visible parts of those faces in the point cloud must share a common edge. Furthermore, the beams are assumed to have a rectangular cross section. And finally, it is assumed that they are straight, i.e. not bent. Slight bending of beams is counteracted by using threshold values. Automatic surface reconstruction using unorganized point sets (Hoppe et al., 1992 , Attene et al., 2000 , Kazhdan et al., 2006 , is a related problem. The aim is to find an interpolating (or approximating) surface through all points, e.g. in the form of a TIN (Triangular Irregular Network). Some of the approaches provide an oriented 2-D manifold, i.e. a surface for which "inside" and "outside" can be defined. An application in the cultural heritage context, using a combination of tacheometric surveying, laser scanning, and images for obtaining the 3-D point cloud, with the additional use of bump maps for representing local detail, is described in Dorninger et al. (2013) . In comparison, our aim is the reconstruction of individual objects, i.e. beams. Additionally, overall information on the shape of the objects is available, e.g., the rectangular cross section or the minimum and maximum length of such a beam. Symmetry of the objects can help to complete the model, even if no points were determined in some regions. Classification of point clouds for architectural analysis was, e.g., studied by Zhang and Zakhor (2014) for classifying window areas. While planarity is important for reconstructing beams, their elongated shape and connectedness between beams suggests to consider previous work on piping installations. The automatic reconstruction of piping installations from point clouds has been performed by several authors (Rabbani et al., 2007; Lee et al., 2013) . In a first step, the point cloud is split into groups using segmentation, clustering, and/or skeletonization. Then, using voting schemes such RANSAC or the Hough transform, cylinder parameters are estimated, which can be refined using, e.g., leastsquares parameter estimation. A cylinder has 5 parameters (4 axis parameters and the radius), but is not confined along its axis. Unless top and bottom surface are also covered by points, the first and last points along the axis, respectively, are used to confine the cylinder. In comparison, a beam with rectangular cross section has 7 parameters. The problem of the top and bottom surface is the same, but all four sides, pairwise parallel, have to be covered by points in order to reconstruct the cross section. For cylinders, a small surface patch is, in theory, enough to determine its 5 parameters. If the curvature is determined in one point, the direction for the principal curvature with a value of 0 is the direction of generators, while the other principal curvature is the inverse of the radius. Tree reconstruction involves elongated, but not straight, objects (Thies et al., 2004 , Raumonen et al., 2013 , Wang et al., 2016a . These approaches often use the idea of following the form by advancing and adapting a base model to the given point cloud. For modeling the irregular cross section, splines or harmonic basis functions can be used to adapt to the deviation from an ideal cross section shape (Pfeifer el al., 2004 , Wang et al., 2016b . Currently, our approach assumes a higher regularity, but these models may become important if the deviations from the ideal beam form need to be modeled. Historic roof structures typically do not exhibit an ideal beam form. Deviations can occur in the form of a more complex cross section because of the chamfer or an irregular cross section due to timber irregularity, or because of bending in the longitudinal direction. Additionally, cracks occur in timber constructions, and these may require more than a geometrical model. The approaches most similar to ours are reconstructions of prismatic objects from point clouds. For example, Chida et al. (2016) demonstrate the reconstruction of cuboids. In their industrial context, the shapes are more precisely planar. In addition, occlusions are more abundant in historic roof structures than in Chida et al.'s examples. Furthermore, end sides are normally not visible in roof constructions, as they occur in the beam joints. Jung et al. (2014) use a similar approach, but suggest to concentrate on a semi-automatic method, in which outlines of planar faces are determined automatically, and are used for subsequent manual modeling for the as-built BIM (Building Information Modeling). Volk et al. (2014) discusses as-built BIM and Murphy et al. (2013) especially historic BIM (HBIM). Baik et al. (2015) demonstrate the reconstruction of complex facades using point clouds in a BIM (Autodesk Revit). An overview of "automatic geometry generation from point clouds for BIM" in the context of room walls, windows, and floor are given by Thomson et al. 2015 . Specific methods are suggested by (Xiong et al., 2013) .
METHOD

Overview
The proposed processing chain (see Fig. 2 ) for an automated reconstruction of the roof structure requires a registered point cloud as input data. The first step in the processing is to import the point cloud using the modulebased software OPALS (Pfeifer et al., 2014) . The module opalsImport converts the point cloud into an efficient data format for a fast read and write access to point attribute information. As a next step, normal vectors are computed for each point. Based on the normal vectors provided by opalsNormals, the module opalsSegmentation can then be used to split the point cloud into segments of neighboring points that fulfill a local homogeneity criterion. A proper selection of the homogeneity criterion (including normal vector information) permits detection of the faces of wooden elements or walls as single segments from laser scans. The segments in the point cloud are the main input for the following project-specific processing steps of finding adjacent segments forming one beam and fitting cuboids to the entire point set describing a beam. For the automatic detection of wooden beams, the segments first need to be categorized into straight beam segments and segments of other elements. It is important to detect as many beam segments as possible and remove all segments of objects that have no relevance for the architectural and structural analysis. In the next step, these classified beam segments need to be connected into adjacent elements that form a beam. For all the points that belong to the same beam, a cuboid can be determined if at least two sides of the beam are covered with segments. This cuboid is the basis for the representation of the beam in the 3-D architectural model. As a final step the cuboids need to be extended and intersected to get the joints in the woodwork as observed in the architectural analysis.
The following sections describe the main processing steps in more detail.
Segmentation
In the workflow the normal vector information of each point is the main input parameter for the segmentation. To get the normal vector estimation at a specific point, its neighbor points need to be considered. The selection of the neighbor points has a major influence on the result. To get precise results -especially on the edges of beams -a robust plane fit algorithm for the point and its neighbor points is used. The normal vector of the fitting plane gets assigned to the point. The nearest neighbor search is based on the full 3-D coordinates of the points. In the segmentation step two neighboring points belong to the same segment if the angle between the normal vectors is below some threshold and the distance between the points is within a maximum search radius . The formula for the local homogeneity in the segments can therefore be written as:
����⃑ and ����⃑ are the unit normal vectors of a segment point and a neighboring candidate point.
Identification of beam segments
An automated classification of beam segments was developed (see Fig. 3 ) to recognize the sides of the beams. 
Detection of planar segments:
To begin with, a leastsquares fitting plane is calculated for all points in a segment using principal component analysis. It provides the three eigenvalues of the plane and the fitting root mean square error (RMSE). If the plane fits well according to the RMSE, which implies that the points of the segment are more or less coplanar, the segment can be considered as a flat surface. If no plane model fits all segment points, the segment needs to be split up into planar (sub-) segments. This is achieved by adapting the RANSAC algorithm for plane fitting. This algorithm iteratively detects the largest planar sub-segment of the original segment until no more planar segments can be detected (see Fig. 4 ).
Detection of the shape:
The next step is to derive information about the shape of planar segments. To get the 2-D shape and boundary representation for the points in planar segments, α-shapes were calculated. α-shape computation is closely related to the computation of the convex hull and Delaunay triangulation but in contrast to the convex hull, the polygon does not need to be convex. Additionally the selection of the alpha value allows the specification of a degree of generalization for the shape.
In addition to the α-shape, the minimum bounding rotated rectangle (MBR) is calculated (see Fig. 5 ). The MBR is a rectangle that contains all points of a segment with a minimum area. α-shapes and MBRs provide essential information about straightness of segments and thus constitute major input for the classification of segments.
Classification of the shape:
A wide variety of different shape indices or shape factors were investigated for the classification of segments. The workflow we developed in fact only uses two decisive factors, namely:
where and are the largest and second largest eigenvalues of the plane fit describing length and width of a segment.
2. Ratio between the area of α-shape and MBR =
With a combination of these two factors the planar segments can be classified into the following three classes: 1. Linear-shaped (straight) segment 2. Non-linear compact segment 3. Non-linear segment with separable sub-segments While non-linear compact segments are rejected, the linearshaped segments are added to the list of beam segments if the beam width is within a given range -(e.g. 15-25 cm). The segments of the third class can be split up into sub-segments of straight beam segments. Fig. 6 shows the straight subsegments of a non-linear planar segment, where the axes of the single beams are represented by dashed lines.
Identification of adjacent beam segments
Based on the list of segments classified as beam faces, the next task is to detect and join adjacent segments that form together a wooden beam. Segments are considered to belong to the same beam if they meet the following three conditions:
1. Distance between the centroid of segment A and the plane of segment B:
2. Angle between the normal vectors:
3. Axes in longitudinal direction are parallel:
⃑ and ⃑ are the eigenvectors of the largest eigenvalues of the segments A and B. The threshold of in (4) was chosen to specify the maximum thickness of beams. Equations (5) and (6) allow small deviations from their strict formulation by considering angular thresholds. If all these conditions are met it is guaranteed that two segments are adjacent, orthogonal or facing each other and they have parallel longitudinal axes that are parallel to their common beam axis as well. This association of adjacent planar segments can be used to achieve a first rough 3-D modeling of beams. If at least two sides of a beam are covered by planar segments, it is possible to even go a step further and fit a rigid body to the segment points.
Fit cuboids for beams
The associated segments of a beam are processed further, as the workflow contains a stage where attempts are made to fit a cuboid to the points of the beam segments. The cuboid is a flawless representation of the historic wooden beam. Any deformations of the beams, such as deflection or torsion, are neglected in this first modeling approach. For fitting least squares estimation is used. Pairwise orthogonal or parallel planes build the side faces of the cuboid and are fitted to the points. Thus the squared distances between segment points and the cuboid are minimized.
Intersect beams and analyze structure
The difficulties in the final processing stage are the modeling of the beams in their correct dimension as well as the detection and modeling of woodworking joints and how the timber elements interlock. The materials used and the techniques applied in a joint indicate the purpose of that joint within the structure. Scan shadows and reduced quality in some areas of the point cloud make it impossible to detect all beams, to their full extent automatically. It is therefore necessary to extend these incomplete beams to their full length and to the joints where they interlock with other beams. This can be achieved by using overall information, e.g. about the regularity of the entire roof structure. Beams can be elongated according to the points in the point cloud. Even if the segmentation does not give enough useful information for an automated detection of beams, the point cloud contains information as to whether there are objects or not.
Processing as described in 3.2 to 3.5 has been implemented and evaluated so far. The next section provides an overview of the results of each processing step.
Results of the processing chain
The results of the normal vector computation for each point are heavily dependent on the neighbor points selected and the chosen method of dealing with edges in the plane estimation. With a selection of eight nearest neighbor points for the computation, most of the normal vectors of a beam point in homogeneous directions. The robust plane estimation prevents edges being rounded (see Fig. 7 ). Fig. 8 shows the segmentation result with a selected homogeneity criterion of a maximum angle of 6° between the normal vectors of two neighboring points and a search radius of 0.03 m. As the figure shows, points on the side faces of different beams belong to the same segment if the transition between the beams is sufficiently smooth. In some cases, gaps between elements or cracks in the wood may cause an otherwise smooth surface to be split up into two or more segments.
In the top of the roof, near the ridge, there is a noticeable reduction in the quality of the point cloud and the quality of the results decreases accordingly. This is mainly due to the scan shadows caused by the overhead wooden walkways in the selected roof structures. This quality issue is reflected in the results of the segmentation and affects the results throughout this workflow.
The detection of segments that belong to the same wooden beam was discussed in the previous sections of this work. The resulting beams are visualized in Fig. 9 and Fig. 10 . Whereas Fig. 9 consists of planar beam segments only, the beams in Fig. 10 are modeled with cuboids. Again, both figures show the incomplete area at the top of the roof. The results in Fig. 9 are computed fully automatically within the processing chain. Fig. 10 presents the expected outcome of processing step 3.5. 
EXAMPLES AND DISCUSSION
All partial results presented in this paper, and the results in the following examples, were obtained from a laser scan in the roof of one wing of the Amalienburg in Vienna, which is part of the Vienna Imperial Palace. Dendrochronological analysis determined that most of the timber used was felled in 1693/94 (see Eßer et al., 2016a) 1 . The first dataset selected, which was used in the previous figures, was captured from five different scan positions and contains approximately 3.5 million points. Typical point distances at the beam surface range from 1 mm to 1 cm. The second example is from a neighboring wing, also located in the Amalienburg. The used point cloud is a small section of a larger scan campaign involving over 40 scan positions. The dataset consists of 1.5 million points and because of the many different scan positions, the point density is higher than in the previous dataset. The construction is in the very common form of a rafter roof with inclined principal trusses. Both levels of this construction contain wooden walkways including handrails, as shown in Fig. 11 . The scan also contains the roof covering. The roof tiles have no relevance for the architectural and the structural model and need to be removed during processing.
As the sets of experiments show, the developed workflow is heavily dependent on the results of the segmentation shown in Fig. 12 . However no optimal homogeneity criterion could yet be found, whereby damages on the wood do not split up the element into multiple segments and gaps between two elements are identified as such and prevent faces of different beams being merged into one segment. Figure 12 : Results of the segmentation process Fig. 13 shows the 3-D model of the roof construction containing the automatically-detected beams which are part of the structure. A visual analysis on the completeness of the result shows that 38 out of 40 beams present in the construction were at least partially detected. For a structural analysis, this model needs to be completed and expanded by the joints of the beams. For the accuracy analysis of the prelim results of the beam reconstruction several sections of beams have been selected manually from the model for a comparison with the points in the point cloud (see Fig. 14) . The color values in the figure represent the distances from the points to the modelled beams. The histogram in Fig. 15 shows a unimodal distribution of the signed distances between points and beams, calculated with CloudCompare Cloud2Mesh-Distance. The mean value of the absolute differences results in 4.2 millimeter and the standard deviation is 6.8 millimeter. For a more robust indication of accuracy the median was calculated and results in 2.5 millimeter. As part of the work a runtime analysis was carried out. The program was therefore tested on a common business PC with an Intel® Core™2 Quad Processor Q8400 (4x 2.67 GHz) and 8 GB RAM. While the time complexity for the calculation of the normal vectors and the segmentation process is linear with the number of points and therefore approximated with O(n), the runtime for the segment classification and the cuboid fit is also depending on the number of segments m and thus the complexity is approximately O(n+m). The results in the runtime analysis of the two test datasets, shown in 
CONCLUSION
The results confirm that the proposed method for the reconstruction of historic timber structures is technically feasible. It enables a high degree of automation for the modeling of beams according to their side faces. Only a few thresholds, such as the beam diameter or the search radius for the segmentation, need to be adjusted manually, in accordance with the data properties of the laser scans and the properties of the specific roof construction. The quality issues regarding segmentation and further processing results lead to an incomplete automated detection of beams, which in turn requires an intense global analysis of the structure in order to produce a complete documentation of the construction. Several parameters such as the distance between rafters, ridge height, and beam dimension -and a catalogue of common joints in traditional timber structures -need to be included in the automated analysis to produce a complete reconstruction. In each case, automated completion needs to be based on the points recorded in the laser scan, to ensure that no roof element which has in fact been removed or replaced is reconstructed by mistake due to duplication of information. With the information from the full 3-D architectural modelincluding beam dimensions, axes of the beams and joints -it is possible to move on to the structural model. This modeling of structural and architectural information from 3-D point clouds permits the interdisciplinary documentation and analysis of historic timber structures, where photogrammetry provides various methods of data processing, and architects and civil engineers can contribute their expert knowledge on the structure of historic roofs. Up to date structural engineering software respects nonlinear structural behavior of constructions taking into account aspects such as material characteristics, joint behavior for different kinds of loads and cracking sequences, etc. (see Eßer et al., 2016a) . A future aim could be to store the information in Building Information Models (BIM), enabling efficient collaboration in adaptive re-use planning between the various disciplines involved. Bringing point cloud data to BIM is already an ongoing research topic and development process in the field of building and planning in existing structures, where software solutions are still required (compare e.g. Tonn 2017 , Braunes 2014 ).
